Comprehensive high precision complete and incomplete fusion cross sections have been measured for the 6 Pb reactions, at energies near and below the Coulomb barrier. The experimental details and the analyses procedures for the characteristic ␣-decay and fission measurements are described. Three different methods are used to conclusively show the large suppression of complete fusion at energies around and above the average barrier, which is associated with the projectile nuclei having a low energy threshold against breakup. First, theoretical predictions of fusion cross sections above the average barrier are compared with the data, and second the area under the measured barrier distribution is compared with expectations. The sensitivity of the suppression factors to variables which can affect the calculated cross sections is thoroughly investigated. The third method, essentially model independent, compares the complete fusion cross sections for the 7 Li+
I. INTRODUCTION
The effect on the fusion process of the breakup of weakly bound light nuclei is a subject of current experimental [1] [2] [3] [4] [5] [6] [7] [8] [9] and theoretical investigations [10] [11] [12] [13] [14] [15] . This is due to the recent availability of beams of unstable nuclei with weakly bound nucleons. An understanding of breakup and fusion is directly relevant to producing nuclei near the drip lines, and possibly super-heavy nuclei. Although it is now possible to investigate reaction mechanisms with these exotic nuclei, experimentally such studies are limited due to the low intensities of unstable beams currently available. Fusion reactions with high intensity stable beams which have a significant breakup probability are good references for testing the models of breakup and fusion currently being developed. Light nuclei such as 9 Be, 6 Li, and 7 Li with low breakup thresholds are ideal as they have a large breakup probability (compared with heavy nuclei with low breakup thresholds) due to the low Coulomb barriers associated with breakup. The nucleus 6 Li breaks up into 4 He+ 2 H, with separation energy S ␣ = 1.48 MeV; 7 Li into 4 He+ 3 H, with S ␣ = 2.45 MeV. The Borromean nucleus 9 Be can break up into 8 Be+ n → 4 He+ 4 He + n, with S n = 1.67 MeV or into 5 He+ 4 He, with S ␣ = 2.55 MeV. Fusion with the three above mentioned nuclei, with different structures and separation energies, are ideal for quantitative tests of theoretical models. They are also useful as comparators for fusion measurements with unstable beams of 11 Li and 11 Be.
In this paper we present precise excitation functions for the fusion of 6 Li and 7 Li with 209 Bi, and of 9 Be with 208 Pb, at energies ranging from 0.9 to 1.7 times the Coulomb barriers. Excitation functions are presented for (i) complete fusion (CF)-defined experimentally as the capture of all the charge of the projectile by the target, and (ii) incomplete fusion (ICF)-where, following the breakup of the projectile into charged fragments, one of the fragments is captured by the target [6, 16, 17] . The separation of complete fusion from incomplete fusion is crucial for understanding the effect of breakup on fusion. The target nuclei in the present work were chosen so that the fused system, being heavy and neutronrich, de-excites overwhelmingly by neutron evaporation, and the residues formed following CF and ICF are alpha active, with lifetimes such that most of the alpha activity could be measured during or shortly after irradiation. The measurement of characteristic decay alpha particles allows the unambiguous identification of CF and ICF products. Selected results from this work have been reported previously [6, 9] . In this paper we give the details of the experiment, analysis and present the cross sections for each CF and ICF product nucleus.
II. THE EXPERIMENTAL METHOD
The experiments were performed using the 14UD tandem accelerator at the Australian National University. Beams of 6 Li, 7 Li, and 9 Be were incident on self-supporting nat Bi and enriched ͑Ͼ99%͒
208
PbS targets evaporated onto 15 g/cm 2 C foils. Recoiling evaporation residues were stopped in aluminum catcher foils placed immediately behind the targets. Two Si surface barrier detectors (monitors), placed above and below the beam axis, were used to measure the elastically scattered beam particles, for normalization purposes. The angles of these detectors (see Table I ) were chosen so that (i) elastic scattering from Bi/ Pb could be separated from elastic scattering from low Z elements in the target, and from the catcher foils, and (ii) elastic scattering would be purely Rutherford. Most of the measurements were done with pulsed beams, with laboratory energies ranging from 26.0 to 52.0 MeV. Table I shows the beam energies, pulsing regimes, and the reaction products measured in these experiments. The fusion reactions 6 Li+ 209 Bi, 7 Li+ 209 Bi, and 9 Be + 208 Pb lead to the compound nuclei 215 Rn, 216 Rn, and 217 Rn, respectively. These nuclei de-excite mainly by neutron evaporation, with some fission. The residual Rn nuclei are near the N = 126 and Z = 82 closed shells, and are alpha active. The products of incomplete fusion, Po and At isotopes for 6, 7 Li induced reactions, and At isotopes for the 9 Be reaction, are also alpha active. The cross sections for residues resulting from complete and incomplete fusion were determined by measuring their alpha activity as discussed in the next sub-section. The fission cross sections were determined by direct detection of the fission fragments, as described in Sec. II B.
A. Decay alpha measurements
The experimental setup for the decay alpha measurements is shown in Fig. 1(a) . The catcher foils, placed immediately behind the target to stop the recoiling heavy reaction products, had thicknesses of 180 g/cm 2 and 360 g/cm 2 for the Li and Be induced reactions, respectively. These thicknesses are more than 1.5 times the mean range of the recoiling nuclei. The nuclei were identified by their characteristic ␣ particle energies and decay half lives, which ranged from 110 ns to 138 days. Alpha particles from the short-lived activities, ranging from 110 ns to 23.1 min, were detected between the beam pulses using an annular silicon surface barrier detector, placed 8 cm from the target, at a mean angle of 174°to the beam. Alpha decays from long-lived activities, ranging from 23.1 min to 138 days, were measured using a silicon surface barrier detector below the annular counter, placed so that when the target and catcher foil were moved down one target position after the irradiation, they were only 0.8 cm from the detector face [see Fig. 1(a) ]. Absolute cross sections were determined by measuring sub-barrier elastic scattering in the annular detector and monitors. The relative solid angle between the annular and the close geometry ␣-detector was determined by measuring the 212 Rn decay ͑T 1/2 = 23.1 min͒ in both the detectors. Fresh targets were used at each energy, except for a few energies where previously irradiated targets were used. For the latter cases, small corrections were made to the ␣ yields to account for previous irradiation. Typically, at the end of irradiations, the following decay spectra were collected: (a) ϳ2 min after the irradiation for a duration of ϳ10 min, (b) ϳ15 min after the irradiation for a period of ϳ40 min, (c) ϳ1 day after the irradiation for a period of about 1 h, and finally (d) a few days after the irradiation for a period of several hours to detect very long lived activity. These decay spectra enabled determination of cross sections for direct population by ICF of nuclei which are members of decay chains and are also populated through decay of the parent nuclei. The measurements of type (d) were not done at all energies, and were only used to determine the cross sections of 210 Po ͑T 1/2 = 138 days͒.
B. Fission measurements
Fission following fusion was measured during the irradiations using two large area ͑28.4ϫ 35.7 cm 2 ͒ two dimensional position sensitive multi-wire proportional counters [18] , as shown in Fig. 1(b) . The detectors [19, 20] were placed at a distance of 18.0 cm from the target. Each detector, with a position resolution of 1 mm, covered an angular range of 75°( −95°ജ lab ജ −170°in the backward hemisphere and 10°ഛ lab ഛ 85°in the forward hemisphere), allowing the determination of the cross section in one measurement. Signals in the forward detector were only accepted when in coincidence with the backward detector. Detailed descriptions of the fission product selection and the fission cross section determination can be found in Refs. [19] [20] [21] . Absolute fission cross sections were determined by performing calibrations at subbarrier energies [21] , by the detection of elastically scattered heavy projectiles (e.g.
58
Ni, 63 Cu) in the multi-wire proportional counters and monitor detectors. The large solid angle of the fission detectors, compared with the solid angle of the annular counter, allowed the measurement of angular distributions with high statistics and consequently small uncertainties, despite the small fission cross sections. Figure 2 shows ␣-particle spectra for 9 Be+ 208 Pb, collected during irradiation at two energies, one Ӎ2 MeV below the Coulomb barrier, and the other 10 MeV above the barrier. The ␣-particles from CF (Rn nuclei) and ICF (Po nuclei) are identified. The change in the dominant evaporation channel from 3n ͑ 214 Rn͒ to 4n ͑
III. ANALYSIS OF ALPHA SPECTRA

213
Rn͒ with an increase in energy is clearly seen. The individual peak shapes of the ␣-spectrum and their detected energies are determined by the energy losses experienced by the ␣-particles. This arises because the decay products are implanted to a range of depths in the catcher foil due to (i) the finite thickness of the target foils, and (ii) the mechanism of CF and ICF leading to different energies of the recoiling nuclei. Figure 3 shows the ␣-spectra for the 7 Li+ 209 Bi reaction at an energy E beam = 52 MeV collected (a) during irradiation, (b) commencing 3.2 min after the irradiation, and (c) 42.5 h after the irradiation. The ␣-decay of the CF and ICF products are identified in Fig.  3 9 Be+ 208 Pb reaction collected during irradiation at beam energies of (a) 38 MeV, which is Ӎ2 MeV below the fusion barrier, and (b) 51 MeV, which is Ӎ10 MeV above the fusion barrier. The full lines are fits to the ␣-spectrum. All the peaks can be clearly identified, and the peak marked with an asterisk is from the decay of lines from the 211 At ͑T 1/2 = 7.2 h͒ decay chain are also visible. The strongest peaks in Fig. 3(c) Po. This spectrum also shows the ␣-line from the decay of 210 Po ͑T 1/2 = 138 days͒. The ␣-spectra were fitted using the peak-fitting program FITEK [22] . The energy calibration for the ␣-spectrum was determined for each bombarding energy using isolated and intense lines, such as those resulting from 3n evaporation and 4n evaporation. The energy differences between the ␣-lines resulting from CF were fixed with respect to the strongest CF peak. The same was done for incomplete fusion products. The CF and ICF peaks were grouped separately to account for the small differences which may exist in the implantation depth of the recoiling nuclei resulting from CF and ICF. This effect can most clearly be seen in Fig. 2(b) , where the peak corresponding to the decay of 211 Po has two components: one from 211 Po populated through ICF (lower detected energy), and the second from 211 Po populated via CF (marked with asterisk in the spectrum). In cases where the residual nucleus decays by more than one ␣-energy, the known branching ratio was used to fix their relative intensities. Having thus fixed the relative energy differences and relative intensities, the fitting routine was run to find the best 2 -fit. The full lines in Fig. 2 and Fig. 3 (a) show typical fits to the spectra collected during irradiation. For spectra which were collected long after the irradiation, and consequently had one or two very well separated ␣-lines, the intensities were obtained by simple peak integration. The resulting intensities were then corrected for dead times, prior to obtaining the cross sections for individual channels (see Sec. V).
IV. IDENTIFICATION OF THE REACTION PRODUCTS
The main peaks in the ␣-particle spectra for the 6, 7 Li induced reactions are from Rn,At,Po isotopes (see Fig. 3 ), and for the 9 Be case from Rn and Po (see Fig. 2 ). The Rn nuclei result from neutron-evaporation from the compound nucleus formed following complete fusion of the projectile with the target. The At and Po nuclei can result from ␣-decay, electron capture and/or ␤ + decay of Rn nuclei, as shown in Fig.  4 for the 211 Rn decay chain. However, the measured cross sections for At and Po were well in excess of those calculated from the measured decay of the Rn isotopes, indicating that there is another mechanism populating these nuclei directly.
A. Origin of the At and Po nuclei
Complete fusion followed by ␣xn and xnyp evaporation could, in principle, lead to Po and At residual nuclei. However, for the 9 Be+ 208 Pb system, prompt ␣-particles measured in coincidence with gamma transitions in Po nuclei showed angular distributions inconsistent with fusion evaporation [23, 24] . The origin of the yields of these nuclei was investigated by the measurement of above-barrier fusion cross sections for the 18 18 O and 13 C induced reactions were found to be insignificant (Ͻ2% of xn ) at all measured energies (excitation energy Ͼ35 MeV). Therefore, the direct production of Po and At observed for the reactions induced by 6, 7 Li and 9 Be projectiles cannot be due to CF.
The breakup of the projectile into two charged fragments provides a mechanism for the direct production of Po and At isotopes. The breakup of 6 Li into 4 Po. The Po and At nuclei were therefore attributed to ICF, where following breakup of the projectile, just one of the charged fragments fuses with the target (fusion of both fragments with the target leads to the same product as CF). Transfer reactions that produce these nuclei may in principle be present. A recent study of 9 Be+ 208 Pb [26] has found large yields of ␣-particles at subbarrier energies. One component had a broad energy spectrum, consistent with prompt breakup, while the other clearly resulted from breakup of the 9 Be g.s. , associated with neutron stripping and Coulomb excitation of 9 Be. No contribution from ␣-particle transfer to discrete states could be identified. Thus transfer contributions are expected to be small for the reactions studied in this work.
B. Other reaction products
In the 7 Li induced reaction, small yields (ϳ10 mb at the highest energy) of the nucleus 211 Bi were observed (see Table VII later). This is likely to be due to two neutron transfer from the projectile to the target with a Q-value of −3.17 MeV. Apart from Po and At nuclei which can be populated by transfer, 211 Bi is the only other transfer product which is alpha active with a short enough lifetime to be observed in the present experiments. In the 6 Li reactions, the Q-value for two neutron stripping is −17.44 MeV, thus making the transfer process much less likely than in the case of 7 Li.
V. DETERMINATION OF CROSS SECTIONS FROM ␣-DECAY MEASUREMENTS
The determination of production cross sections of individual nuclei from the ␣-decay measurements requires the knowledge of (a) the detector solid angle, (b) the product of the number of incident beam particles and target atoms for normalization, and (c) the total number of nuclei produced, for which the alpha branching ratios and the interplay of ␣-decay lifetimes and data collection times must be accounted for. The normalization and solid angle measurements have been discussed in Secs. II and III, respectively. The number of nuclei produced can be determined from the known ␣-yields, lifetimes, branching ratios, irradiation time, collection time, dead time, and production and decay formulae which can be simply derived. For the evaporation channels giving residues with half lives much smaller than the irradiation times of typically 0.5− 1.0 hour, e.g., T 1/2 ഛ a few minutes, saturation activity is reached, and the formula for determining the cross sections is even simpler. The determination of cross sections for the 211 
Rn and 211
At nuclei was more involved and is discussed here briefly.
For the Li induced reactions,
211
At is populated from the parent nucleus 211 Rn by electron capture (EC) decay, but is also directly populated by ICF (see Fig. 4 Rn from the 7451 keV offline ␣-yield.
VI. COMPLETE FUSION RESULTS
It was shown in Sec. IV that amongst the observed evaporation residues, only Rn isotopes are the result of complete fusion of the projectile with the target. Rn isotopes will also be produced if both the charged breakup fragments are captured by the target (thus technically breakup), and also if 9 Be breaks up into a neutron and 8 Be ͑Q = −1.67 MeV͒ and the latter is captured by the target. Likewise for the Li induced reactions, our experimental definition of complete fusion includes the capture of 5 Li and 6 Li. However, the probability of 6 Li ͑ 7 Li͒ breaking up into 5 Li ͑ 6 Li͒ and a neutron may be expected to be much smaller than that for 9 Be→ n + 8 Be, due to the large negative Q-values for breakup into these partitions (−5.67 MeV for 6 Li and −7.25 MeV for 7 Li). The observed fission cross sections were attributed to CF, since fission following ICF is expected to be negligible due Pb systems, are given in Tables II-IV Bi are in good agreement with those of Ref. [27] , which cover the energy range E c.m. Ӎ 24 to 33 MeV.
Cross sections for each xn-channel for all three systems, presented in Figs. 5-7, show a gradual rise and fall with energy as expected. This is seen more clearly by plotting the ratio of the yield of a given xn channel to the total xn cross section as a function of the excitation energy E * of the compound nucleus. The measured ratios are shown in Figs. 8(a) and 8(b) for the 7 Li+
209
Bi and 9 Be+ 208 Pb reactions, the dashed lines being presented to guide the eye. The increase in the width of the xn-distribution with an increasing number of evaporated neutrons is expected, as evaporation causes a spread in the excitation energy of the residual nucleus. However, the distribution for the 4n evaporation channel for the 7 Li+ 209 Bi case is much wider than the 4n channel for 9 Be + 208 Pb. This may be because 4n evaporation in 7 Li leads to the closed neutron shell nucleus 212 Rn ͑N = 126͒, making 4n evaporation more favorable than 3n-or 5n-evaporation. A similar situation arises for 6 Li+ 209 Bi (not shown) where the width of the 3n channel is larger, while for 9 Be+ 208 Pb the 5n channel is expected to be wider.
The relative xn yields are compared with those measured for Be induced reactions, respectively. For these reactions the fusion barrier energies and Q-values are such that the lowest energy at which the measurements could be made corresponds to E * ϳ 35 MeV. Thus the overlap the with 7 Li and 9 Be induced reactions is only in a narrow energy range. A better comparison can be made using the mean neutron multiplicity, as it can be determined from the data with small uncertainties, and importantly it is expected to vary approximately linearly over a wide energy range [28] . Figure 9 shows this quantity as a function of E * for the 7 Hg reactions in the panel (b). The dashed lines are to guide the eye. The small oscillations about the straight line are expected and can be most easily understood by taking the limit of zero kinetic energy of the evaporated neutrons, and fixed compound nucleus angular momentum. In this case the mean multiplicity as a function of E * would look like a staircase, with each step corresponding to the E * at which the emission of another neutron becomes energetically possible. The finite kinetic energy carried by the neutrons and the spread in compound nucleus angular momentum washes out the structure, which ultimately disappears at high energies. It is clear from Fig. 9 that the data for the lighter projectiles are shifted towards higher energies. An energy shift of −1.7 MeV for 7 Li and −1.3 MeV for 9 Be brings them in agreement with their heavier counterparts. The energy offset could be due to two effects. Firstly, pre-equilibrium emission for the lighter projectiles may be present due to the higher beam velocity (i.e., larger energy per nucleon) at the same excitation energy, leading to lower multiplicities. The velocities of 7 Li and 9 Be are, respectively, 22% and 8% higher than that of the 18 O and 13 C projectiles. Second, the average angular momenta of the compound nuclei formed by the lighter projectiles are higher than those for the heavier projectiles.
For instance, at E * = 40 MeV, the predicted average angular momenta of the CN 216 Rn formed by 7 Li and 18 O projectiles are Ӎ16ប and 12ប, respectively, while for 217 Rn formed by 9 Be and 13 C projectiles they are Ӎ19ប and 16ប, respectively. This means that at the same excitation energy, the available energy above the yrast line is lower for the lighter projectiles, resulting in lower multiplicities. In the case of 9 Be, the observed energy shift could also result from ICF with 8 Be. The presence of incomplete fusion is likely to affect the angular momentum distribution for complete fusion making quantitative calculations unreliable until the incomplete fusion process is better understood. The dashed curves in Figs. Hg, respectively, as shown by the full lines in the corresponding bottom panels of Fig. 8 . This demonstrates that the individual xn channels as well as the mean multiplicity behave in a very similar way for the different reactions.
A. The cross sections and barrier distributions for complete fusion
The total complete fusion cross sections, obtained by summing the cross sections for the Rn isotopes and the fission cross sections, are given in the last column of Tables  II-IV, Bi, and 9 Be+ 208 Pb systems, respectively. The experimental barrier distributions, evaluated by taking the second derivative of the quantity E c.m. fus with respect to the energy E c.m. using a point difference formula [29] , are shown in Figs. 10(b), 11(b), and 12(b). For the Li induced reactions a step length of Ϸ2 MeV was used for energies E c.m. ഛ 37 MeV, and of 3.5 MeV for higher energies. For 9 Be a step length of 1.92 MeV was used at all energies. The ability to determine the experimental distribution of barriers proved to be very important, as the centroids of these distributions were used to constrain the theoretical calculations, enabling the quantitative determination of fusion suppressions. The shape of the barrier distribution provides an indication of the importance of the couplings involved. The low charge products ͑Z P Z T ͒ of the projectile and target combinations, however, means that the couplings are not as strong as in the case of reactions with heavier projectiles. This is reflected in the narrow, almost structure-less distributions for all three reactions.
B. Determination of the average barrier energy
The average barrier energy is often determined experimentally by fitting the high energy data with a single barrier penetration (SBP) calculation using the approximate relationship fus Ӎ R 2 ͑1−B 0 / E c.m. ͒. Here B 0 is the ᐉ = 0 barrier used in the SBP calculations, which is taken to be equal to the average barrier. R is the fusion barrier radius which is often assumed to be constant and equal to R 0 , but in reality is a slowly varying function of ᐉ and hence energy. However, this prescription of fitting high energy data may not be applicable in these reactions, as the suppression of fusion due to breakup may be energy dependent. If the average barrier energy is instead determined from the centroid of the experimental barrier distribution, then data from only a narrow energy range of E Ӎ B 0 is used and, furthermore, it can be shown [29] that a linear energy dependence of suppression does not affect the determination of the centroid. The centroid of the experimental barrier distribution is close, but not equal to B 0 , because of the slow decrease in R with increasing energy [this gives rise to the negative values of Bi the centroid of the barrier distribution for a single barrier penetration calculation using B 0 = 30.1 MeV is 30.0 MeV, i.e., there is a 0.1 MeV shift between the centroid and B 0 used in the SBP calculations. The shift is not of any consequence (except when quoting B 0 ), since the calculations presented here for the three systems were performed by matching the centroids of the calculated barrier distribution to that of the experimental barrier distribution. The following steps were taken to determine the centroid of the experimental barrier distribution and its uncertainty: (i) the measured fusion cross sections were randomly scattered from their measured values with Gaussian distributions of standard deviation equal to those of the experimental uncertainties, (ii) a barrier distribution was determined from these data using a point difference formula, (iii) this barrier distribution was used to calculate the centroid. Steps (i)-(iii) were repeated many times with different random scatter, to generate a frequency distribution for the centroid energy. The mean value and the variance of this frequency distribution gave the centroid and its uncertainty. The distributions in step (ii) were calculated with all energy steps between 1.7 MeV to 4.0 MeV for the 6 Li reaction, 1.9 to 4.0 MeV for the 7 Li induced reaction and 1.8 MeV to 4.0 MeV for the 9 Be reaction. The centroid depends upon the energy range of the data used in determining it. This dependence is illustrated in Fig.  13 where the centroids for 6 Li and 7 Li are plotted against the upper energy cut imposed on their respective experimental barrier distributions. If data points only from the first half of the barrier distributions are included, then the corresponding centroid is low, as expected. The most representative value of the centroid is obtained at the energy where the barrier distribution returns close to zero. Beyond this energy, the uncertainty in the centroid increases, reflecting the increased uncertainty in the determination of the barrier distribution. The centroids determined by using the barrier distributions from only a narrow range of energy steps, corresponding to Pb systems, respectively.
VII. COMPARISON WITH THEORETICAL MODELS
Modelling the effect of breakup on fusion requires modelling of the complete dynamics, including (i) couplings to bound and continuum states (ii) an appropriate coordinate system to describe the physical boundary condition for the wave-functions of the breakup fragments, and (iii) modelling of the trajectories of the breakup fragments to determine whether one or both fragments are captured by the target nucleus. The first of these points has led to controversies in the past, with some authors predicting enhancement due to couplings to unbound and continuum states (sometimes referred to in the literature as breakup states) while some others predicted a reduction in fusion due to loss of flux resulting from breakup. These two opposing views were reconciled in Ref. [14] , where it was shown that in fact there are two effects of couplings leading to continuum states: (1) the enhancement of complete fusion at energies below the average barrier (as in the familiar case of stable nuclei), and (2) reduction in flux in the bound channels due to breakup of the projectile before reaching the fusion barrier. Similar conclusions were also arrived at in Ref. [15] , where continuumcontinuum couplings were also included. In the continuum discretized coupled channels (CDCC) calculations such as those of Refs. [14, 15] , complete fusion is defined as absorption from the bound states, and incomplete fusion as absorption from the unbound states. The calculations thus provide only an upper limit to the reduction in fusion, since the possibility [9] that following breakup, all the fragments could subsequently fuse with the target nucleus is not accounted for. Thus, quantitative predictions of the complete-fusion cross sections and barrier distribution using the CDCC model requires a good understanding of the couplings to unbound states and also a prescription to follow the breakup fragments. Since this has not yet been achieved, and because of the time consuming nature of the CDCC calculations, we do not attempt such calculations here.
The experimental cross sections and barrier distributions are instead compared with expectations of the single barrier penetration model and coupled channel calculations which do not consider couplings to unbound or continuum states. Thus, breakup of the projectile is not included. The calculations are presented here to demonstrate that, at above-barrier energies, complete fusion is suppressed for nuclei which breakup at low excitation energies compared to those which do not. This is obtained on the basis of only one constraintthat the centroid of the calculated fusion barrier distribution matches that obtained from the measurement. The single barrier penetration (SBP) calculations and the coupled channels calculations were performed using the code CCFULL [30] . This code solves the Schrödinger equation and the coupled equations exactly, making only the iso-centrifugal approximation. The fusion cross sections are calculated using an incoming wave boundary condition. Pb systems, were V 0 = 107 MeV, r 0 = 1.12 fm, V 0 = 113 MeV, r 0 = 1.12 fm, and V 0 = 198.00 MeV, r 0 = 1.10 fm, respectively. The values of V 0 and r 0 were chosen such that the centroids of the calculated fusion barrier distributions for each system matched those measured. Also with these values of V 0 the CCFULL calculations could be carried out successfully at all measured E c.m. . Choosing a small value of V 0 causes the potential pocket to disappears at larger values of angular momenta and fusion can no longer be defined [31] in CCFULL. The diffuseness parameter a of the Woods-Saxon nuclear potential was initially set to 0.63 fm for all three reactions. This value is very close to the predictions using the WoodsSaxon parametrization [32] of the Akyüz-Winther potential [33] which gives a = 0.62 fm, 0.63 fm and 0.64 fm, respectively, for the 6 Li, 7 Li, and 9 Be induced reactions. The effect on the fusion suppression factor of varying the diffuseness parameter is shown to be small, as discussed in Sec. VIII C. For calculations including couplings (see Sec. VII B) the depth V 0 had to be changed slightly, since the introduction of couplings changes the average barrier energy slightly. The analyses of the complete fusion excitation functions have already been reported [6, 9] , and in the following only a brief description of them will be given. The suppression factors and the variables affecting them are however discussed in more detail here.
A. Single barrier penetration model
The results of the SBP calculations (dotted lines) are compared with the measured complete fusion cross sections in the upper panels of Figs. 10-12, and with the barrier distributions in the lower panels. The calculations underestimate the measured cross sections at energies below the barrier by a factor of ϳ5 for Li reactions and slightly more for the Be reaction. The underestimate is not unexpected, resulting from neglect of couplings between the relative motion and the intrinsic states (bound and unbound) of the projectile and target. For larger values of Z P Z T this enhancement is found to be 2-3 orders of magnitude, but in the present systems the enhancement is much smaller due to their low Z P Z T values. However, at above-barrier energies in all three reactions studied here, the measured cross sections lie below the predictions. Using the data above E c.m. = 36 MeV, for 6 Li and 7 Li, they are, respectively, 65 −4 +5 % and 73 −2 +3 % of the SBP predictions. The quoted uncertainties include the contributions from both statistical and measured uncertainty in the energy of the centroid, with the latter being the main contributor (see Sec. VIII B). For the case of 9 Be the percentage reduction is 0.68 −7 +8 % using the data above 44 MeV.
B. Coupled channels calculations
The lowest collective states of the target nuclei were included in the CCFULL calculations. − collective excitations, respectively, were each approximated [34] by a single level with an energy equal to that of the centroid of each multiplet and a deformation length corresponding to that of the combined states [34] . These states and the double octupole phonon state were included in the CCFULL calculations. For 208 Pb, the collective 3 − and 5 − states and double octupole phonons states were included in the harmonic limit. Since the calculations presented here do not include the couplings to the unbound and continuum states in the projectile (see discussions in Sec. VII), the couplings to the included projectile states were adjusted to reproduce the shape of the measured barrier distributions. A reasonable reproduction of the shape for the Li induced reactions could be obtained by including rotational couplings with ␤ 2 deformation parameters of 0.87 and 0.80 for 6 Li and 7 Li, respectively. Here couplings were considered only to the first rotational state, which was taken to be degenerate with the ground state. The nuclei 6, 7 Li are not good rotors and hence the coupling scheme is probably unrealistic, but is only used here to obtain a reasonable fit. In the reaction with 9 Be, couplings to the Pb systems. While the calculated cross sections below the barrier are somewhat higher than those measured, the calculations above the barrier are consistently well above the measured cross sections, and are almost identical to the SBP calculations, as expected. The measured CF cross sections are thus suppressed at above barrier energies due to breakup. This also appears to be the case at sub-barrier energies, but the suppression cannot be reliably determined in the presence of the couplings that enhance the CF cross sections, since as discussed above the couplings are not yet sufficiently well understood.
VIII. COMPLETE FUSION SUPPRESSION FACTORS
The measured cross sections at above-barrier energies are 66 −4 +5 %, 74 −2 +3 %, and 70 −7 +8 % of the coupled channels predictions for the 6 Pb, respectively. The uncertainties include statistical uncertainties, but arise mainly from the experimental uncertainties in the energy of the centroid as discussed in Sec. VIII B. The latter does not affect the relative suppression of 6 Li to 7 Li, which is determined to be 0.89± 0.02 by taking the ratios of the measured cross sections since the small differences in the calculated high energy cross sections due to difference in their barrier energies is negligible.
As discussed in the introduction to Sec. VI, the CF cross sections may include those incomplete-fusion events where all the charge of the projectile is captured, e.g., capture of 8 Be by the target. It may be argued that since the final products are so similar that a distinction cannot be made experimentally, it does not matter whether it results from complete or incomplete fusion. This is true if the interest is only in the population of a particular nucleus. However, if the aim is to understand the reaction mechanism then this distinction becomes important. For example, large breakup and transfer probabilities [35] in reactions with radioactive beams may lead to significant incomplete fusion or transfer events which look like complete fusion. If all these events were taken to be "true" complete fusion, then it could easily lead to wrong conclusions about the fusion process. In the present work if incomplete fusion with 8 Be were significant, then the suppression of complete fusion would be even more than given in this paper. These fusion suppression factors are a simple, but unambiguous, way of demonstrating that fusion is reduced for nuclei which breakup easily in contrast with those which do not. If the measurements were to be compared with, for example, CDCC calculations where breakup and subsequent fragment motion were correctly modeled, there would be no suppression, as the predicted cross sections should match those measured.
The deduction of the suppression factors presented here depends on the variables that affect the calculated fusion cross sections at energies well above the average barrier. In this energy regime, in the case of nuclei which are well bound and do not breakup readily, the coupled channels predictions are close to the single barrier penetration calculations. This is because the barriers in the distribution, arising as a result of couplings, always cluster around the average barrier, i.e., the barriers are never widely separated. That this is expected is apparent from the fact that coupling strengths in nuclei are typically of the order of a few MeV and the average barrier energy is 10-100 times larger. Thus, in most situations the couplings are unlikely to introduce [36] large changes in the barrier energies or radii. The calculated cross sections much above the barrier are thus virtually independent of couplings, as long as the average barrier matches that determined experimentally.
Thus, at above-barrier energies, the calculated cross sections for nuclei which do not breakup depend primarily on the average barrier energy and radius. The latter, in turn, depends on the shape of the nuclear potential, and if the centroid of the experimental barrier distribution is reproduced, is determined largely by the diffuseness parameter of the commonly used Woods-Saxon potential. The uncertainties in the energy of the centroid of the barrier distribution (or equivalently the uncertainty in B 0 ) and the diffuseness parameter are therefore reflected in the uncertainties of the deduced suppression factors, as discussed later in this section.
The suppression of fusion can also be determined by comparing the measured and calculated area under the barrier distribution since it is approximately equal [37] to the geometrical cross-section R 0 2 for the reaction. The suppression determined using this method is independent of the exact nature of the couplings, since the inclusion of couplings changes the shape of the barrier distribution but preserves the area under it. Using the cross sections for E c.m. Ͻ 36 MeV, the area for 6 Li is 64 −3 +4 % and for 7 Li is 76± 2% of the model predictions. For 9 Be the measured area is 70± 5% of that calculated using the data for E c.m. Ͻ 45 MeV. The reductions obtained from the data around the average barrier energies are very close to those obtained from the high energy data. Yet another method of obtaining the suppression factor, which is fairly model independent, is presented in Sec. VIII E.
A. Energy dependence of the suppression factors
The ratio of measured complete fusion cross sections to those from the single barrier penetration calculations and the coupled channels model calculations are shown in Fig. 14 for the three systems using data at the high energies, where the measured barrier distribution has returned close to zero. The ratios for no couplings and including couplings are in agreement with each other, demonstrating that the effects of couplings to bound states are minimal at such high energies, and as expected the fusion suppression above the barrier is insensitive to the couplings (to bound states) as long as the centroids of the calculated barrier distributions matches that of the measured distribution. The above-barrier fusion suppression factors for all three systems remain constant with energy. Furthermore, as discussed above, these suppression factors match those determined using the area under the measured barrier distributions (shown by triangles in Fig.  14) , that make use of cross-sections around the barrier energies. This implies that the fusion suppression remains remarkably constant with energy from B 0 to 1.7B 0 . This is a surprising result, as a priori one may expect the breakup probability, and hence its effect on fusion, to be energy dependent.
B. Sensitivity of suppression factor to average barrier energy
The effect of changing the average barrier energy determined from the centroid of the barrier distribution (Sec. VI B), within its measured uncertainties was investigated. For simplicity, single barrier penetration calculations, rather than the coupled channels calculations, were used for this purpose, as it has been shown (see Fig. 14) that the suppression factor hardly depends on the calculation used. The calculated average barrier energy was changed by one standard deviation of the experimental barrier uncertainty for each system by adjusting the depth of the Woods-Saxon potential. SBP calculations of the fusion cross-sections were carried out. The ratios of the measured complete fusion crosssections to the predictions using different values of the barrier energies are shown for 7 Li+ 209 Bi in Fig. 15(a) as a function of center of mass energy divided by the experimentally determined B 0 . The solid line joins the points obtained using the adopted average barrier energy, while the dashed lines join the points obtained using the maximum (up triangles) and minimum (down triangles) values. Calculations using the highest barrier energy give the least suppression, as expected. The uncertainties in the energy of the average barrier typically contribute ϳ90% to the total experimental uncertainty in the suppression factors for the three systems.
C. Sensitivity of suppression factor to the diffuseness parameter
The calculations presented thus far used a value of diffuseness parameter a = 0.63 fm, as given by Woods-Saxon parametrization [32] of the Akyüz-Winther potential. However, theoretical fits to precise fusion excitation functions at above-barrier energies for heavy nuclei consistently require the diffuseness of 0.8 fm to ϳ1 fm, which appears to scale [38, 39] with the charge product of the target and projectile. The present systems have a small charge product and the maximum value of diffuseness can be expected to be ϳ0.8 fm. The effect on the suppression factor of changing a by ±0.2 fm was therefore investigated using SBP calculations. Changing the diffuseness parameter essentially changes the slope of the high-energy cross sections and calculations using a larger diffuseness would be expected to show a slower increase of cross sections with energy. For a fixed value of a, the potential parameters were varied so that the measured B 0 was reproduced in each case. The ratio of the measured CF cross sections at high energies to those calculated for different values of a was determined for all three systems, and are shown in Fig. 15(b) for the 7 Li + 209 Bi reaction. The full line joins the points obtained using a = 0.63 fm in the calculations, while the dashed lines join the points obtained using a value of a = 0.43 fm (down triangles) and 0.83 fm (up triangles). The uncertainties in the suppression factors given previously do not include the effect of changing the diffuseness parameter as this is not an experimental uncertainty. For the range of a of ±0.2 fm, the spread in average suppression factors is ±0.03, −0.03 +0.05
, and ±0.03, respectively, for the 6 Li, 7 Li, and 9 Be induced reactions.
D. Suppression factor for different projectiles
The suppression factors presented have been determined using two methods (Sec. VIII); the first uses the measured cross-sections at above-barrier energies and the second uses the area under the barrier distribution. The suppressions for the three reactions 6 Li+ 209 Bi, 7 Li+ 209 Bi, and 9 Be+ 208 Pb, respectively, using the first method are 66 −4 +5 %, 74 −2 +3 %, and 70 −7 +8 %; while using the area yields 64 −3 +4 %, 74 −2 +3 %, and 70± 6%. As discussed in the beginning of Sec. VIII, the relative suppression of 6 Li to 7 Li is much better determined and is measured to be 0.89± 0.02. Although the suppression of the CF cross sections are similar for the different systems, the strongest CF suppression occurs for the 6 Li projectile, which has the lowest threshold against breakup ͑1.47 MeV͒, and the smallest suppression occurs for 7 Li, which has a higher breakup threshold of 2.47 MeV. The suppression for the 9 Be reaction, which has a threshold of 1.57 MeV and 2.47 MeV against breakup into 2␣ and a neutron, and 4 He and 5 He, respectively, is intermediate between the above two. This may lead to the simplistic picture that the suppression increases with a decreasing breakup threshold. However, the probability of breakup depends on the couplings to the continuum and to states above the breakup threshold, and also on the Coulomb barriers encountered by the breakup fragments. The coupling strengths in turn depend on the nuclear structure and the charge product of the target and projectile. The low charge product in reactions of Li with low-Z targets explains the observation of no fusion suppression in these reactions [46] [47] [48] [49] .
E. Suppression determined from cross-bombardment measurements
The fact that the high energy cross sections are suppressed can be seen, in a fairly model independent way, by comparing the cross sections for forming the same compound nucleus using projectiles which break up easily and those which do not. This makes use of the relationship fus = R 2 ͑1−B 0 / E c.m. ͒, which describes well the above-barrier cross sections. The different barrier radii and barrier energies for the different reactions can be normalized by dividing the Rn, are compared in Fig. 16 . The barrier radii and B 0 for the 18 O and 13 C induced reactions are obtained from the SBP calculations (dashed lines), which describe the data well. For the lighter projectiles, the barrier radius and energy are those of the SBP calculations discussed in Sec. VII A. The full lines in Fig. 16 are obtained by multiplying the dashed lines by the suppression factors of 0.74 and 0.70 for the 7 Li and 9 Be systems obtained in Sec. VIII. They are in close agreement with the high energy data for the 7 Li and 9 Be induced reactions. This demonstrates that above-barrier fusion cross sections for reactions involving nuclei which break up easily are suppressed by the same amount, independent of whether the comparison is made with theoretical expectations or with experimental measurements involving nuclei which do not break up readily.
IX. INCOMPLETE FUSION
The complete fusion data clearly indicate that the fusion above the average barrier is significantly reduced for all three systems, each involving a projectile which readily breaks up. In a classical picture this reduction would imply that a significant number of projectile trajectories, which would normally have led to complete fusion, resulted in some other process. Breakup of the projectiles appears as an obvious explanation, and should manifest itself by large prompt breakup cross sections, as indeed was seen in a recent investigation [26] of the reaction of 9 Be with Pb.
The three most energetically favorable breakup partitions for the 6 Li, 7 Li, and 9 Be nuclei are given in nuclei, respectively. At energies near and above the barrier, the breakup fragments can be captured by the target, resulting in incomplete fusion. Products resulting from this process are given later in column (iv) of Table XI for the present systems. Amongst them, those which are formed by the capture of a charged fragment of the projectile can be distinguished from complete fusion since they have different Z, and the CN formed following CF does not significantly decay by charged particle emission. Furthermore, in the present cases an unambiguous identification is relatively simple as the ICF products are ␣-active. If, instead, the breakup results in a neutron and only one other charged fragment (as is predominantly the case for 6 He, 8 He, 11 Be nuclei) and the latter is captured by the target, then it cannot be distinguished from complete fusion, as all of the charge of the projectile is captured. Such events are included in the complete fusion cross sections. The capture of the neutron alone by the target leads to a stable nucleus in our measurements, and therefore these ICF events cannot be detected by the decay ␣ technique used here.
The cross sections for ␣-active incomplete fusion products of Po,At are listed in Tables VI-VIII, for Bi, are also given in Table VII , and shown in Fig. 18 by the hollow circles. The cross sections for [42] was used to get a qualitative idea of the importance of this channel. In order to estimate the energy of the deuteron (triton), to use as input in the code, a very simple energy sharing assumption was made; the available energy E c.m. + Q breakup was divided equally among the six (seven) nucleons, and their relative kinetic energy was neglected. So, the deuteron (triton) gets half ͑3/4͒ of the ␣-particle energy. With such a simple picture, the code predicts that for 6 Li the Po. Compared with 6, 7 Li, the ICF of 9 Be produces fewer nuclei as the two charged fragments have the same Z. Figure 19 The summed incomplete fusion cross sections are typically 50% of the measured complete fusion cross sections, and are very similar to the cross section missing from complete fusion. This appears to fulfill the simple expectations that the flux loss from complete fusion at above-barrier energies appears as incomplete fusion. However, this deduction may be clouded by the fact that experimentally it is difficult to separate transfer contributions from incomplete fusion, as will be discussed in Sec. X A.
X. CONTROVERSIES IN FUSION WITH WEAKLY BOUND LIGHT PROJECTILES
The effect of the weak binding of nuclei on fusion has been the subject of many controversies in the past. Some of these controversies are related to theoretical descriptions of the effect of breakup, some others are mainly due to experimental difficulties in identification of complete fusion and separating it from incomplete fusion. These issues are discussed below.
A. Enhancement or suppression of complete fusion with heavy target nuclei
Until recently, there were two opposing theoretical points of view, one which predicted the enhancement of fusion cross sections due to couplings to the low lying unbound or continuum states of the weakly bound light nuclei [12, 13] , and the other which predicted reduction in fusion due to break up of the nuclei [11, 10] . However, it was shown recently [14] , that complete fusion cross sections are enhanced at energies below the barrier but reduced at above-barrier energies. Since then this result has been supported by other theoretical calculations [15] . Thus, the question of enhancement versus suppression is resolved as far as theoretical predictions are concerned. However, most of the calculations are qualitative, and a quantitative understanding of the processes of complete and incomplete fusion continues to be a challenge.
Experimentally the question of enhancement and suppression appears to be controversial due to the fact that different studies have concentrated on different energy regimes. The discussion above makes it clear that it is important to always make clear whether the measurements are below or above the fusion barrier. Thus the claims of large sub-barrier enhancement of fusion cross sections for 6 Pb, the complete fusion is enhanced compared to single barrier expectations at energies below the barrier, though the enhancement is not as significant as in the 6 He induced reactions, where couplings to n-transfer [2] may play a significant role in enhancing fusion at low energies. Such a large influence of n-transfer is most likely due to the extended wavefunctions of the loosely bound neutrons in 6 He. Which products should be included in the experimentally determined complete fusion cross sections is another potential problem. For example it is not possible to separate the fusion of 9 Be from that of 8 Be since the energy of the neutron, following breakup close to the barrier, is similar to the energy carried by an evaporated neutron. Therefore, 216 Rn formed following the evaporation of one neutron from the CN formed by fusion of 9 Be has an excitation energy very similar to that of 216 Rn which is formed by the incomplete fusion of 8 Be. The resulting ERs are therefore very similar and hence cannot be identified separately as CF and ICF. A similar problem occurs for the fusion of 11 Be, which is difficult to distinguish [1] from that of 10 Be. If the probability of breakup into one charged fragment and neutrons is very large, then the cross section for the capture of the fragment with charge equal to Z P may be expected to be large. The inclusion of such events could well lead to apparently large complete fusion yields, which might mean that the above-barrier suppression of "true" complete fusion would not be observed experimentally. Thus, in the fusion reactions with nuclei such as 6, 8 He, 11 Li, and 11 Be, which predominantly break up into a charged fragment and neutrons, it is important to know and specify whether the experimental complete fusion cross sections include or exclude contributions from the capture of 4 He, 10 Li, and 10 Be (or 9 Be). This knowledge is essential and has to be kept in mind while arriving at conclusions about the enhancement or suppression relative to the calculations or results obtained from their stable counterparts.
B. The "total" fusion cross sections
The sum of experimentally determined complete and incomplete fusion cross sections, referred to as the "total" fusion cross section, has sometimes been compared with theoretical calculations. Breakup does not significantly affect the total cross sections at energies above the barrier, since CDCC calculations including the effects of breakup closely match [43] those without breakup. For the Li induced reactions, the "total" fusion cross sections at above-barrier energies agree with CDCC predictions [43] which include the effect of breakup. This is not unexpected since it was already mentioned in Sec. IX that the total incomplete fusion cross sections are similar to the observed deficit of CF. However, the summing of CF and ICF cross sections may not be a valid measure of "total" fusion, as the latter may include contributions from transfer.
At energies below the barrier, a distinction between breakup and transfer may be made experimentally by observing the outgoing fragments, since the detection of all frag-ments can be identified as breakup, whereas in the case of transfer only a part of the projectile would be observed. At energies above the barrier, the breakup fragments may have sufficient energy to overcome the Coulomb barrier and get captured by the target, resulting in the same product as transfer. For example, the Po and At nuclei formed in the case of a 6 Li induced reaction by breakup-capture can also be formed by the transfer of p , d, or ␣ to the target. Thus, even if it is assumed that in theory (for example, based on impact parameter considerations), a distinction between the processes of transfer and breakup followed by capture is possible, it is difficult to do so experimentally for light projectiles such as 6, 8 He, Li, or Be. The present experiment therefore cannot distinguish between transfer and incomplete fusion. While this does not affect the conclusions of the paper, nevertheless it is useful to have an estimate of the contribution of transfer in incomplete fusion before a comparison with theoretical calculations are made. The only clear case of transfer observed in the present experiment is the production of 211 Bi (2n transfer, Q = −3.171 MeV), with a cross section of ϳ10 mb, for the 7 Li induced reaction (see Sec. IV B). However, this cannot be taken as a typical order of magnitude for transfer as first it is the transfer of two nucleons, which is known to have a probability smaller than one nucleon transfer, and second it cannot be used to estimate the cross sections for the transfer of clusters such as ␣ and t. It would therefore be very useful to have a theoretical estimate of the cross sections for the transfer of clusters, particularly those which are used in the cluster model description of the projectile.
In the case of reactions with very heavy targets such as 238 U, where the CN decays by fission, the separation even of complete fusion from transfer can pose difficulties. A recent measurement of the reaction of 6 He with 238 U found large cross sections for neutron transfer induced fission [44] , which were previously not distinguished from complete fusion-fission [7] , leading to apparently large complete fusion cross sections.
C. Fusion of weakly bound light nuclei with low-Z targets
Reactions of weakly bound light nuclei with targets ranging from Z =3 to Z ϳ 30 have recently been the subject of many investigations [45] [46] [47] [48] 50, 51] . In most of the cases the (total) fusion cross sections do not show significant effects of breakup on fusion, i.e., neither substantial enhancement below the barrier nor reduction above the barrier was found. This apparent "absence" of suppression or enhancement is not in contradiction with the results of fusion with heavy targets. Fusion with light nuclei results in CN which also evaporate charged particles in addition to neutrons. Thus even when the projectiles break up into charged partitions (a favorable case for the identification of ICF for heavy CN), the ICF products are identical to the evaporation residues following charged particle emission from the CN. Thus it is almost impossible, in a model independent way, to separate the products of complete fusion from incomplete fusion. This is particularly so at energies above the barrier whereas at below-barrier energies the lack of sufficient energy may prohibit incomplete fusion. Therefore, in all of the investigations with low-Z targets, the sum of complete and incomplete fusion (or the "total" fusion) is obtained, and compared with theoretical expectations. However, as discussed in Sec. X B, the "total" fusion cross section is not expected to be significantly suppressed at above-barrier energies, which is entirely consistent with the experimental observations.
The question may be asked as to whether the results would be any different if complete and incomplete fusion could be separated. A recent study [26] predicted that complete fusion suppression at energies above the barrier is almost proportional to the charge of the target nuclei. A suppression of ϳ4% for 9 [26] , which is well within the experimental uncertainties of the existing measurements. Thus, even if complete fusion could be separated, the suppression might be expected to be much smaller than for the high-Z targets.
XI. SUMMARY AND OUTLOOK
The complete and incomplete fusion excitation functions for the reactions of 6 Li and 7 Li with 209 Bi and of 9 Be with 208 Pb have been measured from below-barrier to abovebarrier energies. At energies below the fusion barrier, there is a small enhancement in the cross sections, compared with the predictions of a single barrier model, consistent with the low charge product of the reacting nuclei. However, at energies above the barrier the complete fusion cross sections are suppressed by ϳ30% compared with the expectations for fusion without breakup. An almost model independent demonstration of this suppression was presented by comparing the complete fusion cross sections for the pairs of reactions 7 Rn. The observed suppression of complete fusion is associated with projectiles with low energy threshold against breakup which allows them to break up prior to reaching the fusion barrier. This is supported by the large incomplete fusion cross sections observed for all three reactions.
It is pointed out that a separation of complete fusion from incomplete fusion (and transfer) is important for meaningful conclusions about the effect of breakup of nuclei on fusion. Misunderstandings or controversies about the enhancement/ suppression of fusion from an experimental point of view have resulted in part from the differences in what is included in the measured complete fusion cross sections, and also from the fact that various works have concentrated on different energy regimes with respect to the barrier. The abovebarrier suppression of complete fusion seen here is not in contradiction with the below-barrier enhancement seen in fusion with radioactive beams (due in the latter reactions largely to couplings to transfer channels). In the latter category of reactions, either the measurements have not extended far above the barrier for suppression to be observed, or the complete fusion measurements have included incomplete fusion and/or transfer, thus giving an apparently large fusion yield. The fusion suppression at above-barrier energies is only with respect to calculations which do not include breakup, and not with respect to realistic quantum mechani-cal calculations which include the effect of couplings to bound, unbound, and continuum states. Such calculations should be able to predict the observed complete fusion cross sections.
A lot of progress has recently been made in theoretical modeling of fusion of light nuclei having low breakup threshold energies, and the past theoretical controversies have, at least qualitatively, been resolved. It is now clear that the complete fusion cross sections at energies below the barrier will be enhanced due to couplings to bound and unbound (and transfer) states, but suppressed at energies above the barrier due to break up of the weakly bound light nucleus. However, thus far the models have either been qualitative, or have not attempted to separate complete fusion from incomplete fusion cross sections. A separation of these processes requires the calculations to follow the projectile fragments up to their end point. This is not currently incorporated in any model, and remains a challenge for future realistic models of fusion of nuclei which readily break up.
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